The presence of a gas hydrate reservoir and free gas layer along the South Shetland margin (offshore Antarctic Peninsula) has been well documented in recent years. In order to better characterize gas hydrate reservoirs, with a particular focus on the quantification of gas hydrate and free gas and the petrophysical properties of the subsurface, we performed travel time inversion of ocean-bottom seismometer data in order to obtain detailed P-and S-wave velocity estimates of the sediments. The P-wave velocity field is determined by the inversion of P-wave refractions and reflections, while the S-wave velocity field is obtained from converted-wave reflections received on the horizontal components of ocean-bottom seismometer data. The resulting velocity fields are used to estimate gas hydrate and free gas concentrations using a modified Biot-Geertsma-Smit theory. The results show that hydrate concentration ranges from 10% to 15% of total volume and free gas concentration is approximately 0.3% to 0.8% of total volume. The comparison of Poisson's ratio with previous studies in this area indicates that the gas hydrate reservoir shows no significant regional variations.
Introduction
Gas hydrates are ice-like crystalline solids composed of water and low-molecular-weight gases (mostly methane), which form under conditions of high pressure, low temperature, and sufficient gas concentration [1] . Hydrates are widespread in the shallow marine sediments along continental margins and in permafrost areas [2] . Gas hydrates in the marine sediments have commonly been inferred on the basis of seismic reflection profiles from the presence of a so-called bottom simulating reflection (BSR) that marks the base of the gas hydrate stability zone [3] . A BSR is generated due to the strong impedance contrast between hydrate-bearing sediments above and underlying free gas-bearing sediments. During the last few decades, much effort has been expended on the study of gas hydrates because of their economic potential as a future energy source [4, 5] and their potential role in geohazards [6] [7] [8] and global climate change [9] [10] [11] [12] [13] [14] [15] .
In the majority of situations, where no direct measurements are available, the analysis of seismic velocity provides an efficient way to identify and characterize the distribution of gas hydrates and free gas in marine sediments [7, [16] [17] [18] [19] [20] . Gas hydrate-bearing sediments show higher P-wave velocity (VP) compared to water-saturated sediments whereas the presence of free gas reduces the P-wave velocity with respect to water-saturated sediments [17] . The effect of gas hydrates on S-wave velocity (VS) is different because it depends on the micro-scale distribution of hydrates within the sediments, i.e., as pore fluid components or cementing grain contacts (e.g., References [20] [21] [22] [23] ). Therefore, the measurement of S-wave velocity is crucial, and it can help to understand the distribution of gas hydrates within the pore space and provide additional constraints in estimating hydrate concentration [3, 12, 23] . The analysis of shear waves can be achieved by deploying multi-component ocean-bottom seismometer (OBS) on the seafloor which allows recording of converted PS-wave reflections, in addition to wide-angle P-wave reflections and refractions.
OBS data have been used successfully in the characterization of gas hydrate reservoirs by combined analysis of P-and S-waves, and the importance of S-wave velocity has been pointed out [23] [24] [25] . In the South Shetland margin (offshore Antarctic Peninsula), very few studies have been performed to estimate hydrate concentration utilizing OBS data. For example, in the last 20 years, only one OBS deployed during the 1996/97 cruise was analyzed by Reference [3] : the P-wave velocity structure and Poisson's ratio in the marine sediments were estimated by travel time inversion of reflections and refractions and then were used to quantify the amounts of gas hydrate and free gas. The Poisson's ratio obtained from the analysis of this OBS has been used by several authors to evaluate the shear modulus of sediment in the same area [26] [27] [28] .
The occurrence of a potential gas hydrate reservoir has been demonstrated from the analysis of seismic data acquired during three Italian Antarctic cruises in 1989/1990, 1996/1997, and 2003/2004 , onboard the R/V OGS Explora (e.g., References [3, [29] [30] [31] ). The South Shetland margin is located in the northeastern tip of the Pacific margin of the Antarctic Peninsula, which is characterized by the subduction of the Antarctic and the former Phoenix plates beneath the South Shetland micro-continental block. Along the continental margin, a trench-accretionary prism-fore-arc basin sequence can be recognized [32, 33] . The Phoenix plate started to subduct beneath the Antarctic plate from late Paleozoic time [34] and progressed from the southwest to the northeast along the margin. Active spreading at the Antarctic Phoenix ridge ceased at about 4 Ma ago [35] , when the last ridge-crest segment of the Phoenix plate reached the south margin of the Hero Fracture Zone (HFZ). The subduction process is presently believed to take place as a result of sinking and roll-back of the oceanic plate coupled with the extension of the Bransfield Strait marginal basin [33, [35] [36] [37] . The Phoenix plate is bordered by the Shackleton Fracture Zone to the northeastern side, while by the HFZ to the southwestern side, which intersect the continental lithosphere.
Long-term ocean warming could induce the dissociation of gas hydrates in this area and the release of methane may contribute to climate change (i.e., Reference [38] ). Therefore, it is very important to enhance existing knowledge on the gas hydrate reservoir located in the South Shetland margin. In order to investigate the possible change of petrophysical properties in the gas hydrate reservoir, here we present the analysis of data from two OBSs deployed during the 2003/2004 cruise, as shown in Figure 1 .
The objectives of this study are: (a) to obtain a more reliable estimate of distribution and concentration of gas hydrate and free gas within the sediments and (b) investigate the change of petrophysical properties in the gas hydrate reservoir. The P-and S-wave velocity fields are determined by travel time inversion and ray-tracing forward modeling using multi-component OBS data. A theoretical model is then applied to estimate gas hydrate and free gas concentration using P-and S-wave velocities. Figure 2 ; the red dotted line indicates the gap for the MCS line; the white circles and numbers show the corresponding distances along sections. The star and dashed line mark the OBS and seismic line analyzed in the study by Reference [3] .
Data and Methods

Seismic Data Acquisition and Processing
The seismic data analyzed in this study were acquired during the austral summer of 2003-2004 onboard the R/V OGS Explora, in the frame of a project supported by the Italian National Antarctic Program (PNRA). Two four-component (one hydrophone and three orthogonally orientated geophones) OBSs were deployed along the multi-channel seismic (MCS) line BSRstar8 where the BSR appears to be particularly strong, as shown in Figures 1 and 2 . The seismic source was two generator-injector (GI) air guns with a total volume of 3.5 L firing every 50 m, while for MCS acquisition, a 600-m-long streamer with 48 channels was used. The sampling interval of OBS data was 2 ms.
Data processing was performed using the Seismic Unix software package [39] . The main processing steps applied to the MCS line BSRstar8 included trace editing, spherical divergence amplitude correction, band-pass filtering, spiking deconvolution, normal moveout correction, stack, time-variant filtering, and Kirchhoff post-stack time migration. The migration section shows a remarkable high-amplitude reflector at a two-way time (TWT) of about 550-650 ms below the seafloor as shown in Figure 2a , characterized by reverse polarity with respect to the seafloor reflection, and nearly parallel to the seafloor, interpreted as BSR. The exact locations of OBSs on the seafloor were determined using the arrival times of direct waves from the shots through the ocean water column, assuming a constant water velocity of 1450 m/s, while the seafloor depth was extracted from bathymetric data. The relocation result showed that both OBSs drifted about 750 m away, perpendicular from the shot line, in a water depth of 1790 m and 1320 m, respectively; this could be related to strong seawater currents [23] . In order to orient the horizontal components, the converted S-wave arrivals were used to estimate the angle by particle motion plots. Then this angle was adopted to rotate the two horizontal components into inline and crossline components [40] . After rotation, the inline component contained much more energy than the crossline component and this facilitated the identification of S-wave arrivals. The hydrophone component was chosen to identify P-wave reflections and refractions when compared with the vertical component. Actually, the ringing due to the effect of coupling between the instrument and the seafloor is prominent on the vertical component of OBS data, while it is absent from the hydrophone component. In order to improve the signal to noise ratio and enhance the phase identification, a spherical divergence amplitude correction and a 10-100 Hz band-pass filter were applied to the hydrophone component. The seismic processing of the inline component included: amplitude correction, predictive deconvolution (180 ms operator length and 50 ms lag), and band-pass filtering (14-100 Hz).
Travel Time Inversion
P-Wave Velocity Modeling
In order to obtain a reliable P-wave velocity model, we applied a 2D travel time inversion of reflected and refracted arrivals following the approach by Reference [41] . The MCS data provide a clear structural image but have limited source-receiver offsets (maximum offset is 710 m) and thus cannot provide accurate velocity information. On the other hand, the wide-angle OBS data provide relatively accurate velocity estimates but rather poor constraints on the structural image in comparison with that produced by MCS data. By combining the two datasets in the travel time inversion, the velocity model can be better constructed. The MCS data provided a basis for building the initial model. By correlating the reflection events of MCS data with those at near offset recorded by the hydrophone component of OBS data, the corresponding horizons were selected and picked, as shown in Figure 2b ,c. Three reflections were picked: the seafloor, the BSR, one reflection (E1) between seafloor and BSR. Below the BSR, the picking was not performed because no clear reflectors were recognized on either OBS or MCS data due to the poor quality of the data. Note that the BSR is a strong reflector, and it thus masks structural features underneath. Refractions were observed in both OBSs; different phases can be identified and associated with the corresponding layers in the MCS by comparing their apparent velocities and depths. The modeling of refractions from OBS data allowed us to determine the base of the free gas layer (BGR) and obtain the velocity information of the layer below BGR (for a comparison, see Reference [3] ). An example of picked refraction from OBS 7 is shown in Figure 3 . To satisfy the requirement of a 2D ray-tracing model, the OBS locations were projected onto the shooting line. A drift correction could not be applied to our data due to the large drift (about 750 m) of OBSs from the shooting line (e.g., Reference [42] ). Thus, taking into account the relative error of offset caused by projection, the OBS reflections at near offset were excluded and MCS data were included during the inversion in order to constrain the geometrical model. Figure 4a shows an example of picked reflections from OBS 7 used for the inversion; note that the seafloor was picked at large offset (>3 km) and the picking is not shown. The arrival times of MCS data were picked on the common shot gathers; the picking was done at every shot at near offset (1 km on either side) of OBS locations, while every third shot with a spacing of 150 m at large offset.
The travel time inversion was accomplished with the same program (RayInvr [41] ) as used by Reference [3] . The initial velocity-depth model was created based on the stack section of MCS line BSRstar8 and the velocity information obtained from previous studies (Reference [27] and the references therein). The model was parameterized into a layered, irregular network of trapezoids in which boundary nodes and upper and lower velocity points were connected by linear interpolation. Rays were traced through the model, and travel times were calculated and compared with the observed travel times. A damped least-squares inversion was used to update the model parameters by minimizing the misfit between the observed and the calculated travel times [41] . The forward ray-tracing and inversion steps were repeated until a satisfactory fit was achieved; that was, the root-mean-square (RMS) travel time residual was within the assigned picking errors and the normalized χ 2 was close to 1. This is equivalent to saying that the data fit within their estimated error bounds-assuming a Gaussian error distribution. This procedure was applied to all layers in a layer-stripping approach from the top to the bottom. 
S-Wave Velocity Modeling
S-wave velocities were determined by trial and error forward modeling of the travel times of converted S-waves from the inline component of OBS data. Here, only the PS-wave type was considered. A part of the P-wave energy converts to S-wave energy at a reflector when the energy does not impinge perpendicularly to the reflecting surface, and then propagates back upwards as an S-wave to the receiver. The interface depths and P-wave velocities obtained as described in the previous section were held constant, and the S-wave velocities were modeled by inverting for Poisson's ratio in each layer to have the best fit between the observed and calculated PS travel times. This required the correlation of PS arrivals from the inline component with their equivalent P arrivals from the hydrophone component. Because of the possible ambiguity in this correlation, all the PS events with good signal-to-noise ratio were tested for each layer in order to obtain the event with the optimal fit between calculated and observed travel times. A similar method to estimate S-wave velocities from OBS data has been described in several other studies (e.g., References [43] [44] [45] [46] ). This procedure was performed on both OBS stations. Figure 5 shows the picking of PS-wave arrivals from the inline component of OBS 7. The inset shows a plot with particle motion and indicates that the energy is mainly horizontal. The two events at about 2.6 s and 2.8 s at minimum offset were identified as PS arrivals corresponding to the BSR and BGR, respectively. A good fit between calculated and observed PS arrivals was obtained, as shown in Figure 5b ,c. 
Uncertainty of the Velocity Model
There are two primary sources of errors in the final velocity model: projection and travel time inversion. The former is caused by the drift of the OBS from the MCS line during the placement (see Section 2.1). The error in P-and S-wave velocity caused by the geometry projection was evaluated by observing the residual between the calculated and observed travel time picked at near offset of the OBS data, using the final velocity model. The percentage error is defined as the ratio between travel time residual and observed travel time. In order to estimate the uncertainties of travel time inversion, we performed a sensitivity analysis based on the approach as described in the literature [18] : we perturbed the velocity values of each layer until the RMS travel time residual and normalized χ 2 increased significantly from the values obtained from the final model. The uncertainties in S-wave velocity from travel time inversion were obtained through perturbing the Poisson's ratio, following the similar approach as used for the P-wave velocity. We observed that, as expected, the shallow layers are more sensitive to the variation of Poisson's ratio than the deep layers. In particular, the error in Poisson's ratio in the layer just above and below the BSR is about 0.012 and 0.04, respectively. The estimation of uncertainty in P-wave and S-wave velocities was performed for all the layers including the water column (Layer 1), as shown in Table 1 . 
Estimation of Gas Hydrate and Free Gas Concentrations
The final velocity field obtained from travel time inversion can be used to estimate the concentrations of gas hydrate and free gas in the pore space. In this study, we adopted the theoretical model proposed by References [30, 47] to quantify the amounts of gas hydrate and free gas by converting the velocity anomalies with respect to the reference velocities at full-water saturation. The theoretical model was successfully validated by the Ocean Drilling Program (ODP) data (i.e., Leg 164 [47] and Leg 146 [29] ). Positive velocity anomalies are considered as an indication for the presence of gas hydrates, while negative velocity anomalies are considered as caused by free gas. This theoretical model is based on a modified Biot-Geertsma-Smit theory and has been successfully applied in this same geographical area (e.g., Reference [27] ). The theory includes an explicit dependence on differential pressure and depth and considers the effects of grain cementation at high concentrations of gas hydrates on the shear modulus of the sediment matrix by using a percolation model [48] . The method gives the equations of both P-and S-wave velocities as functions of some physical parameters, such as porosity, compressibility, rigidity, density, and frequency dependence. These parameters can be determined from experimental datasets (Hamilton's curves [49, 50] ).
In this study area, no direct measurements for gas hydrate or free gas concentrations are available. The physical parameters (porosity, density, compressibility) adopted for evaluating the reference velocities were taken from Hamilton's dataset for normally compacted terrigenous sediments [49, 50] . The Poisson's ratio obtained from travel time inversion of converted S-waves was used to evaluate the rigidity of the sediments in each layer. Low Poisson's ratio and low P-wave velocity indicate that free gas is uniformly distributed in the pore space [30] . A quantitative estimate was obtained by altering the concentration parameters in the theoretical model until modeled seismic velocity matched the theoretical velocity. The uncertainty in concentration estimation is mainly assessed in relation to the uncertainty in the seismic velocities, but also the errors in estimating the physical parameters used to calculate the reference velocities. Previous sensitivity tests performed in this area suggested that porosity is the most important parameter in the estimation of gas hydrate and free gas concentrations, as a variation of ±5% in porosity can be translated into a variation of ±20% and ±7% of gas hydrate and free gas concentrations, respectively [26] .
Results and Discussion
The final P-wave velocity model determined by the travel time inversion of reflections and refractions from OBS data is shown in Figure 6 . The model indicates that the BSR is nearly parallel to the seafloor at about 510-650 m depth below seafloor. The P-wave velocity increases gradually from 1.68 to 1.73 km/s at the seafloor to 2.0 to 2.1 km/s at the BSR. This high P-wave velocity layer with a thickness varying between 150 and300 m just above the BSR can be associated with the presence of gas hydrates. The layer below the BSR shows a low P-wave velocity of about 1.4-1.6 km/s that can be related to the presence of free gas. The BGR occurs at a depth varying between 80 and 160 m below the BSR; in the layer just below the BGR, velocity varies between 2.64 and 2.71 km/s estimated from analysis of the critical refractions in OBS data.
A lateral variation is observed along the velocity model. In the shallow layer just below the seafloor, the overall trend of P-wave velocity shows a lateral increase from the SSE to NNW. In the layer just above the BSR, OBS 7 yields higher P-wave velocity compared to OBS 6, which results in the highest velocity of 2.1 km/s occurring in the eastern part, while the lowest velocity equal to 2.0 km/s is present in the western part of section. Velocity also varies in the free gas layer below the BSR. The lowest velocity (1.4 km/s) occurs in the western part where the BSR is stronger. The P-wave velocity field is in general agreement with previous studies in this area [3, 27] . Figure 7 shows the vertical profiles of P-and S-wave velocities and Poisson's ratio at the OBS locations. The S-wave velocity shows a continuous increase with depth and reaches a value of about 825 m/s at the BSR. Beneath the BSR, no significant increase or decrease was found, as the S-wave velocity is almost insensitive to pore fluid saturation. For each OBS, the Poisson's ratio shows a relatively continuous decrease with a depth down to BSR and a strong decrease in the free gas layer below the BSR. Moreover, the Poisson's ratio is similar within each layer. In the layer just above the BSR, a value of 0.405 ± 0.012 and 0.409 ± 0.012 was observed at OBS 6 and OBS 7, respectively. In the free gas layer, a Poisson's ratio equal to 0.25 ± 0.04 and 0.29 ± 0.04 was obtained, respectively. The Poisson's ratio in the gas hydrate and free gas layer presented here are in good agreement with the values obtained from another OBS station as per the location in Figure 1 , in the same area analyzed by Reference [3] . Their results show that the Poisson's ratio is 0.405 in the hydrate-bearing sediments and 0.25 in the gas-bearing sediments. This implies that the Poisson's ratio is fairly uniform, and the gas hydrate reservoir does not show significant variations in this study area. Figure 8 shows the gas hydrate and free gas concentration estimated by comparing the P-wave and S-wave velocity anomalies with the reference velocities. The result indicates that gas hydrate concentration varies from 3% to 7% of total volume in the first layer below the seafloor, while it is in the range of 10% to 15% of total volume in the layer just above the BSR, and free gas concentration is estimated in the range of 0.3% to 0.8% of total volume assuming a uniform distribution in the pore space. Errors related to assumed physical parameters [26] and estimated velocity, as shown in Table  1 , correspond to errors in the estimation of gas hydrate and free gas concentrations of about 5% and 0.3% of total volume, respectively. Considering these errors, gas hydrate concentration in the first layer below the seafloor might be close to 0, which means that hydrates probably are not present. Therefore, we suppose that there are water-bearing sediments in the layer just below the seafloor, or, if hydrates are present, the concentration is negligible. This result agrees with previous studies (e.g., References [27, 28] ). The concentration section does not show any significant lateral variation for gas hydrates or free gas concentrations, respectively. The estimated concentration is comparable with previous studies in this area by other authors. For example, Reference [51] obtained an average concentration of 17.7 and 0.3 percent of volume in the case of gas hydrate and free gas, respectively. If we consider the gas hydrate concentration as a percentage of pore space, it is equal to about 23% to 35% of pore space, which is consistent with the value (23% of pore space) obtained from another OBS analysis by Reference [3] in the same study area. We also compared the estimated hydrate concentrations with the study in the Chilean margin, where the here adopted theoretical model for estimating concentrations was used (e.g., References [52] [53] [54] [55] . The distribution and concentration of gas hydrates along the Chilean margin show strong variation, but comparable concentrations to ours can be observed in some sites [52, 54] .
The analysis of OBS data has enabled the obtaining of the information of both P-and S-wave velocity fields and it provides new insights into the distribution and quantification of gas hydrate and free gas in marine sediments in the South Shetland margin. The relatively uniform Poisson's ratio of gas hydrate reservoirs can provide an additional clue for evaluating the rigidity of sediment and thus a reliable concentration when no direct measurements are available. The high concentrations of gas hydrate and free gas suggest that they could be considered as future energy sources. This study can also provide a valuable contribution to the investigation of the relationship between gas hydrate stability and climate change as the polar areas are the most sensitive to global change. 
Conclusions
The analysis of MCS and OBS data has allowed us to characterize the gas hydrate reservoir in the South Shetland margin. Inversion performed on OBS data provides detailed P-and S-wave velocity information of the subsurface allowing the obtaining of a reliable estimate of gas hydrate and free gas concentrations. The main conclusions of this study are as follows:
(1) We observe a high P-wave velocity layer of 2.0-2.1 km/s just above the BSR, which can be attributed to the presence of gas hydrates. The gas hydrate concentration in this layer is about 10% to 15% of total volume. (2) We observe a low velocity layer of 1.4-1.6 km/s below the BSR, indicating the presence of free gas. The free gas concentration is about 0.3% to 0.8% of total volume, assuming a uniform distribution of free gas in the pore space. (3) The Poisson's ratio obtained by forward modeling of converted S-waves shows good agreement with the previous study performed in this area. This comparison allows us to conclude that the gas hydrate reservoir in this study area shows no significant regional variations from a petrophysical point of view. 
